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Microbial modulation of apoptosis has added a new dimension of understanding to the dynamic interaction
between the human host and its microbial invaders. Persistent infection can be a by-product of inhibition of
apoptosis and may significantly impact the pathogenesis of diseases caused by organisms such as Chlamydia
trachomatis. We compared apoptotic responses among HeLa 229 cells acutely and persistently infected and
mock infected with serovar A/HAR-13. Persistence was induced by gamma interferon at 0.2 and 2.0 ng/ml. Cells
were treated with etoposide or staurosporine at 24-h intervals and assayed for apoptosis by cell count, DNA
ladder formation, and cytochrome c translocation. From the 24- to 120-h time points, infected cultures were 87
and 90% viable for etoposide and staurosporine treatment, respectively, and produced no DNA ladder, and
cytochrome c remained in the mitochondria. In contrast, mock-infected cells were 22 and 37% viable for
etoposide (P 5 0.0001) and staurosporine (P 5 0.01), respectively, and displayed characteristic DNA ladders,
and cytochrome c was translocated. We found that resistance to apoptotic stimuli was identical in acute and
persistent infections. Since cytochrome c was not translocated from the mitochondrion, caspase-9 activity was
likely not involved. The expression of chlamydial hsp60, a known stimulator of inflammation in vivo, was
measured in both active and persistent infections by Western blot, with increased production in the latter with
or without staurosporine treatment. Chlamydial disregulation of apoptosis and the ensuing persistence of
organisms offer an alternative pathogenic mechanism for chlamydial scarring observed in trachoma and
infertility populations via sustained inflammation induced by immunoreactive molecules such as hsp60.

The recent findings that some microbial pathogens modulate
apoptosis to accommodate the organism’s life cycle and facil-
itate infection (34) shed an important and exciting new light on
the study of pathogenesis. Apoptosis, or programmed cell
death, is the mechanism for cellular self-destruction that func-
tions to eliminate cells during immune selection, tissue devel-
opment, and tissue regeneration (37). It is a genetically pro-
grammed process in which macromolecules are broken down
and released from the cell in an orderly fashion designed to
avoid eliciting an inflammatory response. Apoptosis occurs in
response to specific internal and environmental stimuli (17).
Necrosis, in contrast, is generally the result of injury and is a
rapid process wherein the cell membrane ruptures, disgorging
cell contents into the system, inducing inflammation. Although
apoptosis is designed to dispose of cell contents with minimal
disruption to neighboring cells, it is possible that necrosis of
bystander cells can occur (23).

Chlamydia has joined the expanding list of pathogens that
modulate apoptosis by a diverse repertoire of methods (9, 10,
28, 30, 31), ranging from interactions with modulating proteins
(22, 32) to coding for an inhibitor of inflammatory molecules
(35). Chlamydia spp. cause a myriad of respiratory, ocular, and
sexually transmitted diseases in humans (6). The sequelae of
these infections include trachoma, the leading cause of pre-
ventable blindness in the world today (7), and pelvic inflam-
matory disease (PID), a major cause of infertility and ectopic

pregnancy (4, 6). These sequelae involve scarring that occurs at
mucosal sites of inflammation. Thus, although the pathogene-
sis of chlamydial diseases is not well understood, host immune
factors such as recurrent inflammation from repeat infection
(14) and hypersensitivity reactions to chlamydial heat shock
protein 60 (hsp60) (25) are thought to be important. Pathogen-
related factors most likely relate to the fact that Chlamydia has
the ability to persist (1, 2).

Chlamydia organisms are obligate intracellular parasites
with a distinct life cycle revolving between an inert, extracel-
lular infectious stage, the elementary body, and an intracellular
metabolic stage, the reticulate body. These stages are function-
ally distinct and marked by specific protein profiles (27). An-
other distinct protein profile is seen when a persistent state is
induced in vitro by amino acid deprivation (5), antibiotic treat-
ment (2), or gamma interferon (IFN-g) (1). In the latter case,
infected cells produce aberrant organisms that present antigen
but remain noninfectious until IFN-g is removed. Interestingly,
the antigenic profile in persistent infections differs from that of
both the elementary and reticulate bodies. The overall expres-
sion of all proteins decreases except for hsp60. A compara-
tively high concentration of this molecule is maintained for the
duration of the persistent state (2). In a recent in vivo study, we
found that 24% of women with recurrent Chlamydia tracho-
matis infections had the same ompA genotype despite appro-
priate treatment (8). Intervening culture-negative episodes for
these women were significantly more likely to be positive for
chlamydiae by ligase chain reaction than for women with re-
currences due to different serovars or for women undergoing
test of cure.

Given the potential importance of persistence in the patho-
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genesis of chlamydial diseases, we investigated the apoptotic
response of human epithelial cells to persistent infection with
C. trachomatis serovar A. We used the in vitro immune factor
model to induce persistence and tested the response to the cell
death inducers staurosporine, a protein kinase C (PKC) inhib-
itor, and etoposide, an inhibitor of topoisomerase II. We found
a similar block in apoptosis to that seen in acute infections
described by Fan et al. (9). During both active and persistent
infection, hsp60 was continuously expressed. In persistent in-
fection, synthesis of most proteins was decreased, enhancing
the effect of hsp60 expression. This suggests that an apoptotic
block may enable colonization of the organism, while local
concentrations of immunoregulatory factors may favor a chla-
mydial form that expresses an inflammation-inducing protein,
such as hsp60. This offers a possible mechanism for the im-
mune injury seen in scarring disease characteristic of trachoma
and PID.

(This research was presented in part at the American Society
of Microbiology symposium “A Cell Biology Approach to Mi-
crobial Pathogenesis,” Portland, Oreg., 25–28 April 1999.)

MATERIALS AND METHODS

Establishment of C. trachomatis infections and detection of chlamydial protein
by microscopy. Human cervical adenocarcinoma cells (HeLa 229) were seeded at
106 cells per ml onto coverslips in paired 12-well plates in minimal essential
medium with 10% fetal bovine serum (MEM-10). After 24 h of incubation at
37°C in 5% CO2 with establishment of confluent monolayers, the cells were
washed three times with Hanks’ balanced salt solution, infected with C. tracho-
matis serovar A/HAR-13 at a multiplicity of infection (MOI) of 50 in 0.4 ml of
0.25 M sucrose–10 mM sodium phosphate–5 mM L-glutamic acid (pH 7.2), and
incubated on a rocker for 2 h. The inoculum was removed and replaced with
MEM-10 containing cycloheximide (1 mg/ml) (Sigma, St. Louis, Mo.). Coverslips
were incubated at 24-h intervals, removed from the well, fixed in methanol for 30
min at 220°C, air dried, and stained with fluorescein isothiocyanate (FITC)-
conjugated anti-major outer membrane protein (anti-MOMP) chlamydial anti-
body (Cortex Biochem, San Leandro, Calif.) for an additional 30 min at room
temperature. The coverslips were washed three times with phosphate-buffered
saline (PBS) and then mounted onto slides and viewed under a fluorescent
microscope (Nikon Eclipse TE300, Tokyo, Japan) at 403 magnification, using a
FITC filter.

Establishment of persistent C. trachomatis infections and detection of chla-
mydial proteins by immunoblot. Confluent HeLa 229 cell cultures were infected
with C. trachomatis as above except without cycloheximide and treated with
IFN-g at 0, 0.2, or 2.0 ng/ml (Sigma) at 2 h postinfection to induce persistence as
described elsewhere (1). Uninfected HeLa cells were also propagated. These
experiments were performed with and without 1 mM staurosporine at 24, 48, 72,
96, and 120 h postinfection as described below except that control HeLa cells
were not treated, as this would induce apoptosis and negate the control effect of
viable cells. At 24, 48, 72, 96, and 120 h postinfection, cells were harvested in 200
ml of Laemmli buffer (Bio-Rad, Richmond, Calif.), boiled for 10 min, and
sonicated briefly, and 40 ml of lysate was loaded on a sodium dodecyl sulfate
(SDS)–12.5% polyacrylamide gel electrophoresis (PAGE) gel. After transfer,
nitrocellulose (Bio-Rad) was probed with a mouse anti-chlamydial hsp60 mono-
clonal antibody (Affinity Bioreagents, Golden, Colo.) and a mouse anti-chlamy-
dial MOMP monoclonal antibody (Cortex, San Leandro, Calif.) and detected by
an anti-mouse immunoglobulin G (IgG)-alkaline phosphatase conjugate (Sigma,
St. Louis, Mo.). A second set of experiments were performed as described above
except that at 96 h post-initial infection for the persistent infections, the medium
was removed from the cells and replaced with MEM-10 without IFN-g. The cells
were allowed to grow for an additional 24 and 48 h before harvesting in Laemmli
buffer. Western blot was performed as above.

Apoptosis induction and Hoechst dye assay. HeLa 229 cells were seeded onto
coverslips in 12-well plates, grown to 90% confluence, and actively, persistently,
or not infected as above except for the omission of cycloheximide. Apoptosis was
induced with 1 mM staurosporine (Sigma) for 4 h or 300 mM etoposide (PharM-
ingen, San Diego, Calif.) for 6 h at 24-, 48-, 72-, 96-, and 120-h time points
postinfection. Adherent cells were assayed for all apoptosis experiments. Cov-
erslips for each time point were fixed in 4% paraformaldehyde in PBS at ambient

temperature, permeabilized with 0.25% saponin (Sigma) in PBS for 30 min, and
stained with 10 mM Hoechst 33258 dye (Sigma) for an additional 30 min at room
temperature. The coverslips were washed three times with PBS, mounted onto
slides, and viewed under a fluorescent microscope (Nikon Eclipse TE 300,
Tokyo, Japan) at 403 magnification, using an FITC filter. For each type of
infection, cells from five random fields were counted and divided by the total
number of cells to arrive at the percent apoptotic cells.

Cytochrome c detection. Acutely infected, persistently infected, and nonin-
fected cells as described above were harvested with trypsin at 48, 96, and 48 h,
respectively, and centrifuged at 800 rpm for 8 min at 4°C. The cytochrome c assay
was performed as per Fan et al. (9). Briefly, the pellets were washed with ice-cold
PBS, resuspended in up to 5 volumes of buffer A (20 mM HEPES-KOH [pH 7.5],
10 mM MgCl2, 1 mM sodium EDTA, 1 mM sodium EGTA, 1 mM dithiothreitol,
0.1 mM phenymethylsulfonyl fluoride, 250 mM sucrose), and incubated for 15
min at 4°C. Homogenization was performed using a 22 Kontes Douncer with an
average of 20 strokes prior to centrifugation at 750 3 g for 10 min, which was
repeated twice at 4°C. The supernatants were centrifuged at 10,000 3 g for 15
min at 4°C to generate the pellets containing the mitochondrial fraction. This
fraction was solubilized in buffer A and stored at 270°C. The supernatants were
purified of mitochondria by centrifugation in an ultracentrifuge at 100,000 3 g
for 1 h at 4°C. The supernatants, now representing the cytosolic fraction, were
stored at 270°C. Aliquots were thawed on ice, and the proteins were quantitated
by the BCA assay (Pierce, Rockford, Ill.). Twenty-five micrograms of protein
from each fraction was loaded on a 15% polyacrylamide gel. After PAGE,
proteins were transferred by standard procedure to nitrocellulose and probed
with mouse monoclonal antibody 7H8.2C12 (IgG2b; PharMingen) specific for
the denatured form of cytochrome c. An anti-mouse IgG monoclonal antibody
conjugated with alkaline phosphatase (Sigma) was used for detection.

DNA ladder assay. Confluent HeLa cells were actively, persistently, and non-
infected as above but without cycloheximide and treated with 1 mM staurospor-
ine at 48 and 96 h postinfection for 4 h. A total of 2 3 106 cells were washed with
PBS after harvesting with trypsin and collected by centrifugation at 800 rpm for
10 min. The pellets were resuspended in 42°C lysis buffer containing 5 mM
EDTA, 5 mM Tris (pH 8.0), and 0.5% Triton. The lysates were phenol-chloro-
form extracted and ethanol precipitated. The DNA was resuspended in TE (5
mM Tris, 1 mM EDTA) with RNase for 30 min at 37°C, loaded onto a 2%
agarose gel, and stained with ethidium bromide.

Statistical analyses. Cell survival was calculated as the percentage of cells
surviving for each experiment. Because the percentages were not normally dis-
tributed, percentages were transformed using the arcsin of the square root of the
percentage, which permitted an analysis of variance on the data. In addition, a
Tukey-Kramer multiple-comparison analysis was performed to determine statis-
tical significance at a P value of , 0.05 between two pairs.

RESULTS

Effect of persistent chlamydial infection on apoptosis induc-
tion in epithelial cells. We used C. trachomatis strain A/HAR
at an MOI of 50 to establish active and persistent infections in
HeLa 229 cells and found that apoptotic stimulation was
blocked for adherent cells treated with etoposide or straurispo-
rine. Cell death was induced by etoposide, which inhibits to-
poisomerase II and is active during S phase. Cell death was
also induced by staurosporine, a PKC inhibitor. Uninfected
cells that were treated with low and high doses of IFN-g
showed the same sensitivity to apoptosis induction as unin-
fected, untreated HeLa cells. Although Chlamydia is routinely
cultured in the presence of cycloheximide, it was omitted dur-
ing these assays to avoid the possible confounding effect of
cycloheximide on cell viability and the potential inhibitory ef-
fect on IFN-g. An indicator of apoptosis, membrane perme-
ability to vital dyes such as Hoechst and propidium iodide
showed an average of 8% cell death for persistently infected
and treated cells, while apoptosis-induced uninfected cells
were almost entirely permeable by 24 h (Fig. 1). Permeability
data were expressed as a percentage derived by observing
slides microscopically and counting a minimum of five 403
fields per slide for three different experiments. For each 24-h
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interval from 24 to 120 h postinfection, infected cultures were
87 and 90% viable for etoposide (not shown) and staurospor-
ine (shown) treatment, respectively, compared with mock-in-
fected cells, which were 22% (P 5 0.0001) and 37% (P 5 0.01)
viable, respectively.

At an MOI of 50, resistance to apoptosis was demonstrated
by the absence (in both acute and persistent infections) of
nuclease activity, which produces a characteristic DNA ladder
(Fig. 2). The ladder, however, was seen in the uninfected,
staurosporine-treated (lane 2) and uninfected, IFN-g-and stau-
rosporine-treated (lane 7) HeLa cells, as demonstrated by
SDS-PAGE (Fig. 2). Similar results were obtained for the
experiments where etoposide was used to induce apoptosis
(data not shown).

Taken together, these assays offer evidence that cell death is
blocked in both acutely and persistently chlamydia-infected
cells and that this death proceeds by apoptotic mechanisms in
uninfected cultures given identical apoptotic stimuli.

Lack of cytochrome c relocation to the cytoplasm in re-
sponse to apoptosis induction of actively and persistently in-
fected cells. In order to compare the possible mechanisms of
the apoptotic block between active and persistent infections,
we determined that cytochrome c was not translocated from
the mitochondrion in either type of infection (Fig. 3). In un-
infected cells, cytochrome c appeared in the cytoplasm after
treatment with staurosporine. Western blot analysis demon-
strated that in active (up to 48 h) and persistent (up to 120 h)
chlamydial infection of HeLa cells, cytochrome c remained
sequestered in the mitochondrial fraction after apoptotic in-
duction (Fig. 3). Uninfected HeLa controls that were treated
with staurosporine showed translocation of cytochrome c from
the mitochondria. Presumably, caspases were involved, al-

though we did not assay for procyclic acidic repetitive protein
(PARP) cleavage.

Cultures actively infected with C. trachomatis become sensi-
tive to apoptotic stimuli, whereas persistently infected cells
continue to resist apoptotic induction. During the time course
of an active or persistent infection, permeability remained in-
tact and DNA was not fragmented in response to apoptotic
induction. The characteristic DNA ladder produced by nucle-
ase activity was not seen during the course of the infection.
However, starting at 48 h and at longer time points, actively
infected cells underwent apoptosis with loss of protection fol-
lowed by permeability (Fig. 1) and DNA fragmentation (data
not shown). Persistent infections that were maintained up to
120 h continued to resist DNA fragmentation upon staurospor-
ine treatment. However, within 24 to 48 h of washing cells and
removing IFN-g, an active infection resumed, as evidenced by
resumption of expression of both hsp60 and MOMP (Fig. 4).
These infections ultimately lysed the host cells, which died by
apoptotic mechanisms, as evidenced by cell count (Fig. 1) and
DNA ladder formation (data not shown).

Expression of C. trachomatis proteins during active and per-
sistent infection. Both MOMP and hsp60 were expressed dur-
ing active infection, but almost undetectable amounts of
MOMP were expressed during persistent infections at the
same time point of 48 h (Fig. 4). At 96 h postinfection, hsp60
continued to be expressed for persistent infections induced by
either 0.2 or 2.0 ng of IFN-g. Treatment with staurosporine
had no effect on protein expression. Uninfected control HeLa
cells were not treated with staurosporine, as this would have
instituted cell death, with no cells for remaining time points.
Similar results were obtained in the same experiments when
staurosporine was omitted (data not shown). Forty-eight hours

FIG. 1. Persistent C. trachomatis infections allow cells to resist apoptotic induction by staurosporine for up to 120 h. HeLa cells were actively,
persistently, or not infected with C. trachomatis serovar A/HAR-13 as described in the text. At 24-h intervals up to and including 120 h, the cells
were treated with 1 mM staurosporine for 4 h. DNA was detected using Hoechst dye, and five random fields under 403 power were counted for
apoptotic cells to generate a percentage as described in the text. The graph shows the averages of three independent experiments which varied by
;10% from each other. Series 1, uninfected, IFN-g treated (2.0 mg) and not treated with staurosporine. Series 2, uninfected, IFN-g (2.0 mg), and
staurosporine treated. Series 3, persistently infected with serovar A/HAR-13 induced with 2.0 mg of IFN-g (IFN-g removed at 72 h) and not
treated. Series 4, persistently infected and staurosporine treated, with IFN-g removed at 72 h. Series 5, persistently infected and not treated. Series
6, persistently infected and staurosporine treated. Of note is that the results for persistent infections induced with 0.2 mg of IFN-g were similar
to series 3 and 4 and therefore are not shown.
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after removal of IFN-g, there was resumption of near-normal
MOMP expression for the persistent infections that had been
treated with 0.2 ng but not 2.0 ng of IFN-g.

DISCUSSION

Chlamydia successfully evades host defense mechanisms, in-
cluding apoptosis, by growing within an inaccessible cellular
compartment, the inclusion body, derived from components in
the exocytic pathway (15). The organism appears to confer
resistance to apoptosis upon actively infected cells, which pro-
longs the life of the infected cell, allowing the organism to
complete its complex intracellular life cycle within 48 to 72 h.
In vitro data suggest that host cytokines cooperatively induce
and prolong apoptotic resistance by allowing Chlamydia to
persist in tissue. In this study, a persistent infection was estab-
lished with concentrations as low as 0.2 ng of IFN-g, which is
in the physiologic range seen in tissue. Thus, although the
initial host response of inflammatory molecules, including in-
terferons, occurs to eradicate infection, it may also contribute
to initiation of a persistent chlamydial infection. The duration
of persistence in vivo is not known, but recent evidence sug-
gests that organisms may persist for as long as 5 years in the

genital tract (8); in vitro persistence has been documented for
up to 1 year (2).

In order to compare the possible mechanisms of the apo-
ptotic block between active and persistent infections, we de-
termined that cytochrome c was not translocated from the

FIG. 2. DNA fragmentation was pronounced in uninfected, stau-
rosporine-treated HeLa cells but not in cells actively or persistently
infected with C. trachomatis (CT) and treated. HeLa cells actively,
persistently, and noninfected with C. trachomatis serovar A/HAR-13
were treated with 1 mM staurosporine at 48 and 96 h postinfection as
described in the text. DNA from each time point was purified and
loaded on a 2% agarose gel stained with ethidium bromide. Lane MW,
size standards.

FIG. 3. Cytochrome c was not translocated from the mitochondria
in cells actively or persistently infected with C. trachomatis (CT) after
staurosporine challenge. HeLa cells actively and persistently infected
with C. trachomatis serovar A/HAR-13 were treated with 1 mM stau-
rosporine. The cells were sampled at 24-h intervals up to 120 h and
fractionated into cytosolic and mitochondrial fractions. The actively
infected HeLa cells represent the 48-h time point, while the persis-
tently infected cells represent the 120-h time point. Western blots were
probed with antibody specific for denatured cytochrome c and reacted
with a secondary antibody conjugated with alkaline phosphatase. Ar-
row points to cytochrome c antibody.

FIG. 4. hsp60 was preferentially expressed by persistently C. tra-
chomatis-infected HeLa 229 cells compared with active infection.
HeLa cells were actively and persistently infected with C. trachomatis
serovar A/HAR-13 or mock infected as described in the text. For each
set of experiments, cells were either treated or not treated with 1 mM
staurosporine at 24, 48, 72, 96, and 120 h postinfection, with the
exception that the control HeLa cells were not treated. The cells were
harvested at 24-h intervals up to 120 h. Protein from the active and
persistent infections at 48 h and from the persistent infections at 96 h
was run on an SDS–12.5% polyacrylamide gel, transferred to nitrocel-
lulose, and probed with anti-chlamydial hsp60 monoclonal antibody
and anti-MOMP monoclonal antibody. In addition, IFN-g was with-
drawn from persistent infections at 96 h, and these rescued infections
were assayed similarly 48 h later (lanes 48 Hours P).
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mitochondrion in either type of infection. This is a critical
upstream event in caspase activation, which occurs early in
apoptosis. In uninfected cells, cytochrome c has been shown to
appear in the cytoplasm as early as 1 h following treatment
with staurosporine (38). Release into the cytoplasm allows
cytochrome c to bind Apaf-1 and, in the presense of ATP,
cleaves procaspase-9 to the active caspase-9. Caspase-9 in turn
activates caspase-3 and continues the cascade toward disman-
tling the cell (21). We found that in active and persistent
chlamydial infections, cytochrome c remained sequestered in
the mitochondrial fraction after apoptotic induction. However,
noninfected, treated cells showed translocation of cytochrome
c from the mitochondria. Persistently infected cells also re-
sisted two different modes of apoptotic induction (etoposide
and staurosporine), suggesting that the block occurred at a
common point upstream of varied mechanisms for implement-
ing programmed cell death. Presumably caspases are involved,
although we did not assay for PARP cleavage.

It has been suggested that cytochrome c depletion from the
mitochondrion may also be an indicator of necrotic cell death,
since it results in a dismantling of the electron transport chain
(ETC) (36). However, this did not appear to be a factor in the
control cells, since necrosis derived from ETC degradation
occurs in a very delayed manner, as long as 24 h post-apoptotic
induction (23). For both the permeability (Hoechst dye) and
DNA fragmentation experiments, samples were treated for 4 h
with staurosporine at 24-h intervals and then immediately as-
sayed. Thus, these data do not support necrosis as a mecha-
nism for the demise of uninfected control cells.

Our findings are similar to those of others who have inves-
tigated antiapoptotic events in vitro in C. trachomatis-infected
human cell lines (9, 30). Inhibition of apoptosis has also been
described for Chlamydia pneumoniae, whereby one of the
mechanisms appeared to involve induction of interleukin-10
(10). In contrast (9, 30), infection with the mouse pneumonitis
strain (MoPn) of C. trachomatis induced apoptosis. Further-
more, induction of tumor necrosis factor alpha appeared to
precipitate additional programmed death of surrounding cells.
Chlamydia psittaci has been reported to induce cell death in
infected and bystander macrophages and epithelial cells by a
mechanism that is independent of known caspases (11, 28).
These conflicting data may reflect the fact that human C.
trachomatis strains, MoPn, and C. psittaci represent vastly dif-
ferent subtypes and species, with unique host and tissue tro-
pisms. Alternatively, it is possible that C. trachomatis both
induces apoptosis and protects infected cells from pro-
grammed cell death. These dual properties have been reported
for other microorganisms, such as adenovirus (34). Additional
research will be required to fully understand the properties
that can be attributed to human C. trachomatis strains.

The ability to establish a persistent infection is an important
step in the pathogenesis of scarring disease seen in both tra-
choma and chlamydial sexually transmitted diseases. A recent
in vitro model showed that macrophages infected with C. tra-
chomatis serovar K induced apoptosis of uninfected T cells,
which supports the notion that chlamydia-infected macro-
phages may persist by avoiding T-cell surveillance via reduc-
tion of their overall numbers (20). Resistance to cell death
induced by these infections may also allow a continuous anti-
genic pool that may stimulate ongoing inflammation and sub-

sequent fibrosis. Persistent chlamydial organisms are noninfec-
tious and exhibit a protein profile that is completely different
from that seen in active infection, where the predominant
antigen expressed is the MOMP (26), the most abundant and
immunogenic protein of the organism. We found that in per-
sistent infections, hsp60 was expressed in greater abundance
than MOMP, which is consistent with the findings of others
(1). Treatment with staurosporine did not affect expression of
either hsp60 or MOMP. After withdrawal of IFN-g from per-
sistently infected cells, active infection resumed, with expres-
sion of MOMP and hsp60. However, we were not able to
recover active infection when cells had been treated with 2.0 ng
of IFN-g.

Hypersensitivity reactions are known to be elicited by chla-
mydial hsp60 (24, 25, 29), which is produced throughout the
life cycle of the organism (1). Since it has long been known that
host factors are important in disease progression, the protein
profile shift offers an explanation for how this response is
induced. Persistently infected cells, by blocking apoptosis, en-
sure indefinite survival of the bacteria while expressing their
most inflammatory antigen. Reversion to active infection
would result in a fully infectious organism that may spread
through tissue and precipitate disease both during active in-
fection and on resumption of a persistent state. Since hsp60 is
the most abundant protein expressed during both types of
infections and parallels the resistance to apoptotic stimuli, it is
possible that hsp60 may play a role in the inability of infected
cells to undergo apoptosis. Chlamydiae are known to have a
type III secretory apparatus (19, 33), which may facilitate
transport of molecules such as hsp60 to the host cytoplasm.
This would provide the opportunity for hsp60 to interact with
cellular molecules such as procaspase-9 to prevent activation
and thereby interrupt apoptosis. This mechanism has been
described for mammalian heat shock proteins (3). If this is the
case, it could account for one mechanism for how chlamydiae
establish a persistent infection.

Another mechanism is suggested from apoptotic regulation,
which occurs at the protein level by the formation of hetero-
and homodimers among members of the Bcl-2 family of pro-
teins. This family consists of antagonistic members that inhibit
or induce apoptosis, depending upon the ratio of proapoptotic
to antiapoptotic proteins within the cell following a stimulus.
These proteins have regions of homology that are conserved in
mammals from humans to nematodes, and homologues have
been identified in viral pathogens (17, 18). With the addition of
homologous viral proteins, the cellular protein balance can be
shifted. An interesting example is provided by adenovirus, in
which the E1A and E1B loci code for proteins that are pro-
and antiapoptotic, respectively, serving the purpose of pro-
longing cell survival to allow replication and then inducing
apoptosis to facilitate virion release and spread to other cells
(34). The E1B 19-kDa protein blocks apoptosis by binding to
the cellular apoptosis-inducing protein Bax and titrating out its
effect (16). However, overexpression of E1B enhances survival
of adenovirus-infected human but not mouse cells (12, 13).
These data suggest that it is the overall protein environment of
the cell that finally determines whether a protein or organism
will provide an apoptotic stimulus or not.

Although C. trachomatis has been shown to modulate apo-
ptosis, no proteins with homology to Bcl-2 have been identi-
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fied, and this mechanism has not been explored. However, it is
intriguing that overexpression of Bcl-2 has been shown to block
the translocation of cytochrome c from the mitochondrion
after apoptotic induction, whereas other apoptotic inhibitors
such as caspase had no effect (38). This suggests that a Bcl-2
homologue or a nonhomologous protein that can interact with
the mitochondrial membrane in a similar fashion may be in-
volved. Bcl-2 is thought to stabilize the mitochondrial mem-
brane, where it is located in the outer membrane, preventing
the release of cytochrome c from the intermembrane space,
where it is localized. It is interesting that exogenous cyto-
chrome c added to the cytosol can mitigate the effect of Bcl-2
apoptotic inhibition and induce caspase activation (21). Bcl-2
may play additional roles in mitochondrial function as well.
Further research will be required to determine whether C.
trachomatis produces a homologue or nonhomologue protein
with similar activity and whether hsp60 can be functionally
described as an antiapoptotic protein.
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